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REMARKS 

Claims 1-19 were pending in the application. Claims 1-15, previously withdrawn from 
consideration as drawn to non-elected inventions, have been cancelled without prejudice to 
presentation in future related applications. Claim 16 has been amended to further clarify the 
claim language. New claims 20-22 has been added. 

Support for the claim amendments and for new claims 20-22 can be found throughout 
the application as originally filed including, for example, on page 27 of the appHcation as filed. 

No new matter has been added. 

Upon entry of this amendment, claims 16-22 will be pending. 



Entry of Amendment After Final 

AppUcants respectfully request entry and consideration of the present amendment under 
37 C.F.R. § LI 16(a) because numerous claims have been canceled, placing the application in 
condition for allowance or in better form for appeal. 



Rejections under 35 U,S,C. § 101 

Claims 16-19 were again rejected under 35 U.S.C. §101 for the asserted reason 

that the claimed invention is not supported by either a specific and substantial utility or a well- 

estabKshed utility. Specifically the Office states that: 

Applicant's arguments filed 05/22/2006 have been fiiUy considered 
but are not persuasive. Applicants' position is that amended claims 
16-19 have utility for providing methods for determining if a cell is 
neoplastic. The examiner respectfully disagrees for reasons of 
record as supplemented below. 

The claims as amended are directed toward a method of 
using SEQ ID NOS: 1, 3, 5, or 7 for determining neoplasia in any 
cell. As stated in the previous Office action the specification 
discloses the nucleotide sequences of SEQ ID NO: 1, SEQ ID NO: 
3, SEQ ID NO: 5, and SEQ ID NO; 7 and the deduced amino acid 
sequences of SEQ ID NO: 2, SEQ ID NO: 4, SEQ ID NO: 6, and 
SEQ ID NO: 8. 
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The specification does not disclose the specific function of 
the polyBucleotides and proteins or their relationship to any 
specific disease. A "specific utility" is a utility that is specific to 
the subject matter claimed. This contrasts with a general utiUty 
that would be applicable to the broad class of the invention: For 
example, a claim to a polynucleotide whose use is disclosed simply 
as a "gene probe" or "chromosome marker" would not be 
considered to be specific in the absence of a disclosure of a 
specific DNA target. Similarly, a general statement of diagnostic 
utility, such as diagnosing an unspecified disease, would ordinarily 
be insufficient absent a disclosure of what condition can be 
diagnosed. 

Utilities that require or constitute carrying out further 
research to identify and/or reasonably confirm a specific use are 

not substantial and do not provide a specific benefit. Thus, the 
claimed invention for using the recited polynucleotide of SEQ ID 
NOS: 1, 3, 5, and 7 has no specific and substantial asserted utility 
or a well established utility. 

AppHcants respectfully disagree. The utility requirement is satisfied if either (i) the 
invention has a well-estabhshed utility that is specific, substantial and credible, or (ii) the 
applicant has asserted a utility that is specific, substantial and credible (see the U.S. Patent and 
Trademark Office's Utihty Guidelines Training Materials at page 9). The methods of the present 
appUcation are supported by an asserted utility that is specific, substantial and credible. 

Applicants point out that the utility requirement is a relatively low threshold. From the 
MPEP,§2107T: 

...as the Federal Circuit has stated, "[t]o violate [35 US.C] 101 
the claimed device must be totally incapable of achieving a useful 
result," Brooktree Corp. v. Advanced Micro Devices, Inc., 977 
F.2d 1555, 1571, 24 USPQ2d 1401, 1412 (Fed. Cir. 1992) 
(emphasis added). See also E.l du Pont De Nemours and Co, v, 
Berkley and Co,, 620 F-2d 1247, 1260 nT7, 205 USPQ 1, 10 n.l7 
(8th Cir. 1980) C'A small degree of utility is sufficient . . . The 
clairued invention must only be capable of performing some 
beneficial function . . , An invention does not lack utility merely 
because the particular embodiment disclosed in the patent lacks 
perfection or performs crudely ... A commercially successful 
product is not required . , . Nor is it essential that the invention 
accomplish all its intended fiinctions . . , or operate under all 
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conditions . , , partial success being sufficient to demonstrate 

patentable utility ... In short, the defense of non-utility cannot be 
sustained without proof of total incapacity." If an invention is only 
partially successful in achieving a useful result, a rejection of the 
claimed invention as a whole based on a lack of utility is not 
appropriate. See In re Brana, 51 F3d 1560, 34 USPQ2d 1436 
(Fed. Cir. 1995); In re Gardner, 475 F2d 1389, 177 USPQ 396 
(CCPA), reh'g denied, 480 F.2d 879 (CCPA 1973); In re 
Marzocchi, 439 F.2d 220, 169 USPQ 367 (CCPA 1971). 



In this case, the specification discloses that hPNQALRE mRNA is over-expressed in 
tumors compared to mRNA levels in normal tissue (see page 26 and Example 1, page 35). The 
specification also discloses that hPNQALRE shows differential expression in certain tissues, 
particularly in developing limbs, over the course of embryonic development (see Example 2, 
page 35). The specification discloses at page 35 that although hPNQALRE is expressed in most 
tissues at very low levels, hPNQALRE expression is '"most pronounced in brain, pancreas, testis, 
and ovary/* As a result, the hPNQALRE sequences can be used for example, probes to 
identify certain specific tissues, e.g., brain, pancreas, testis, and ovary, in a panel of samples 
which includes some or all of these tissue types. A person of ordinary skill in the art would, 
therefore, have immediately appreciated that hPNQALRE sequences could readily be used as 
markers to distinguish neoplastic cells from normal cells or to distinguish brain, pancreas, testis, 
and ovary tissues firom other tissues^ 

The use of hPNQALRE sequences for, inter alia, diagnosing and monitoring cellular 
proliferative and/or differentiative disorders, or for distinguishing particular tissues, are valid 
utilities under U.S. law. M.P.E,P § 2107 explains that **any reasonable use that an applicant has 
identified for the invention that can be viewed as providing public benefit should be accepted as 
sufficient, at least with regard to defining a 'specific' utility.'' The Revised Interim Utility 
Guidelines Training Materials ("the Utility Training Materials") specifically provide that the use 
as a cellular marker is a well-established utility (see, e.g., Example 12 of the Utility Training 
Materials, particularly pages 69-70). The Utility Training Materials specifically state that an 
"assay that measures the presence of a material which has a stated correlation to a predisposition 
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to the onset of a particular disease condition would also define a 'real world' context of use in 
identifying potential candidates for preventative measures or further monitoring" (at page 6). 

Applicants have defined such a ''reasonable use" for the claimed invention. By 
providing hPNQALRE sequences as well as a correlation between presence of hPNQALRE and 
noeplasia, assays widely known in the art (many of which are described in the instant 
specification) can be used to detect neoplasia in a sample. Such detection is indicative of a 
cellular proliferative and/or differentiative disorder in that tissue and, thus, provides a utility that 
is specific, substantial, and credible. 

Information known to those of skill in the art confirms utility of hPNQLARE sequences, 
SEQ ID N0:4 shares 100% identity with a sequence set forth in accession number NP_036251 
identifies "cell cycle related kinase isoform 2 [Homo sapiens]". SEQ ID N0:2 shares 99% 
identity with the referenced sequences (1 mismatch out of 324 residues), SEQ ID N0S:6 and 8 
share 96% and 92% identity, respectively, with the referenced sequence, A reference disclosing 
the proteins indicates that the protein "supports cell cycle proliferation but has no intrinsic CDK- 
activating kinase (CAK) activity" {see Wohlbold et al.. Cell Cycle 5 (5), 546-554 (2006) (copy 
attached hereto). Wohlbold et al. further state that "We report here the characterization of 
PNQALRE (also known as CORK or p42), a member of the mammalian CDK family most 
similar to the cell-cycle effectors Cdkl and Cdk2 and to the CAK, Cdk7, Although 
PNQALRE/CCRK was recently proposed to activate Cdk2, we show that the monomeric protein 
has no intrinsic CAK activity. Depletion of PNQALRE by >80% due to RNA interference 
(RNAi) impaii^ cell proliferation, but fails to arrest the cell cycle at a discrete point," Id, see 
Abstract. Wohlbold et al state that "PNQALRE normally functions to suppress programmed 
cell death. Consistent with that idea, a recent genome-wide survey of mammalian protein kinases 
by RNAi-medi ated knockdown identified PNQALRE/CCRK as a potential negative regulator of 
apoptosis/' (page 547), 

The asserted utilities are credible, specific and substantial and are sufficient to meet the 

requirements of 35 US.C. §101 . The utilities are credible because one skilled in the art would 

find it believable in view of the disclosure of the specification and due to scientific publications 

known by the art-skilled. The utilities are specific because not all sequences and, perforce, not 
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all methods using such sequences, have the expression profile of hPNQALRE. The utilities are 
substantial because the proper identification of neoplastic and cancerous cells as well as the 
identification of specific tissues is an important goal in oncology, pathology and other fields of 
endeavor. 

The Examiner is further reminded that; 

The PTO has the initial burden of challenging a presumptively 
correct assertion of utility in the disclosure.... Only after the PTO 
provides evidence showing that one of ordinary skill in the art 
would reasonably doubt the asserted utility does the burden shift to 
the applicant to provide rebuttal evidence sufficient to convince 
such a person of the invention's asserted utility. 

In re Brana, 51 F3d 1560, 34 USPQ2d 1436 (Fed. Cir, 1995) (emphasis added). Applicants 
have provided sufficient characterization of the expression patterns and correlation thereof to 
neoplasia of hPNQALRE to allow one of skill in the art to identify a number of possible uses, 
explicitly disclosed in the specification or not, that are certainly * Veil-established" enough to 
satisfy the requirements of 35 U^S.C. § lOL The Examiner has provided no evidence to 
contradict Applicants' assertions of utility. 

Based on a review of the law and Training Materials relating to lack of utility rejections, 
and a detailed study of the assertions and experimental data in the application, Applicants submit 
that they have provided a specific, substantial, and credible utility, and request that the Office 
reconsider and withdraw the present rejection of claims 1649 under 35 U.S.C. § 101. 

Rejections Under 35 U.S^C. §112, first paragraph 

Claims 164.9 were rejected under 35 U.S.C. §112, first paragraph, because allegedly 
one would not know how to use an invention that is not supported by either a specific and 
substantial utility or a well-established utility. Applicants do not agree. 

As discussed above, discussion incorporated herein by reference, the claimed invention 

is supported by a specific, substantial, and credible utility. Moreover, it is clear that one of skill 

in the field could readily make the claimed nucleic acid molecules and use them in the claimed 
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methods without any need for experimentation, much less a "undue" experimentation. Thus, 
Applicants respectfully request that the Office reconsider and withdraw this rejection as well. 

Conclusion 

The examination of the pending claims and passage to allowance are respectfully 
requested. An early Notice of Allowance is therefore earnestly solicited. Applicant invites the 
Examiner to contact the undesigned at (302) 778-8458 to clarify any unresolved issues raised by 
this response. 



Date: February 9, 2007 

Fish & Richardson P.C. 
P.O. Box 1022 

Minneapolis, MN 55440-1022 
(302) 652-5070 telephone 
(877) 769-7945 facsimile 



Attachment: Wohlbold et al.. Cell Cycle 5 (5), 546-554 (2006) 




9 



[Cdl Cycle 5:5. 546-554, I March 2006]; ©2006 Landcs Bioscience 



Report 



The Cyclin-Dependent Kinase (CDK) Family Member PNQALRE/CCRK 
Supports Cell Proliferation but has no Intrinsic CDK-Activating Kinase 
(CAK) activity 



Lara Wohibold^'t 
Stephane Larocheilel'^ 
JackC.-F.UW'^'* 
Geulah Uvshits^'^ 
Juliet Singer^ 
Kevan Ml Shokat^ 
Robert R Fisher^' 

^Molecuiar Biofegy Progrsm; Menjoriql Slofln-SaBering ianm Cenl&r; U&ff York, 
Nevv York USA 

^Pfograflt in I^Qrmotolooy; C«ns!i UnFversirr Graduate Sckal of Medkd 

^Dej^irrment of Celluln- and MolecBlor Phflrisweobgy; UnMtr orCalfomka. Son 
FrandstO; Frandsm^ Cdifbmia USA 

^hese Qi^bofS ttairribuled eqrafly \q Iha woHn. 

KisimHd^m: The Asiirul ^(g»t C^ter; 510 East 6^d Sfr«flt; New Ibrk, New 
York 10021 USA 

Kms^i address: Ibe RodteWlw UalrttsBy? 1230 York AiCTiffi; Kenr IbrK New 

YorE; 1DD21 USA 

*Cojr8iponcbrKe to: Robert R fisheff Molwidor Siobgy Program; Memorid 
Siosn-I^Gltenfl^ Cancer Csnter; WS York Avanue; H^w Yor^ New York 10B21 USA; 
T^L: 2l2i39.S912; 212717.3317? Emiili t-fislwr@ski,irekcLorg 

Ori^nq! nttmuscripl submihed: 01/24/06 

Prflvkjusly (h^ Wished ss a Cell C^le S-publkofion: 
hltp://wwwjai3desbio?£E8me.ios\/|otimfl^4/c:/absrrPtf ,php?i{i= 2541 

KEYWORDS 

ceil cy^cle, cyclin-dependenc kinase (CDK), CDK- 
acdvadjig kinase (CAK), Cdk7, PNQALRE/CCRK, 
apoptosis, ilNAi, chemical genetics; analog-seiisitive 
kinase 

ABBREVIATIONS 

CDK q^din-dependent kinase 
CAK CDK-actfvaring kina.se 
CCRK ceil cycle related kinase 
RNAi RNA inteiFcrcnce 
sil^A small ititmeriiig RNA 
PARP poly(ADP-[ibose) polymerase 
T-bap activation segment 

ACKNOWLEDGEMENTS 

See page 553. 



ABSTRACT 

The cyclin-dependent kinases (CDKs) that drive the eukaryofic cell cycle must be 
phosphoryiated within the activation segment (T4c>op} by a CDK-QCtivating kinase |CAK) 
to achieve h)i\ activity, /^though a requirement for CDK-octi voting phosphorylation is 
conserved throughout eukaryotic evolution, CAK itself has diverged betv/een metozoons 
and budding yeast, and fission yeast hos two CAKs, raising the possibility that additional 
mammalian enzymes remain to be identified. We report here the charocter^zation of 
PNQALRE (also known as CCRK or p42), o member of the mammalian CDK family most 
similar to the cell-cycle effectors Cdkl and Cdk2 and to the CAK, Cdk7. Although 
PNQALRE/CCRK was recently proposed to activate Cdk2, we show that the monomeric 
protein has no intrinsic CAK activity. Depletion of PNQAIRE by >80% due to RNA 
interference (RNAij impairs cell proliferation, but fails to arrest the cell cycle at a discrete 
point. Instead, both the fraction of cells with a sub-G^ DNA content and cleavage of 
poly(ADP-ribose) polymerase (PARP) increase. PNQALRE knockdown did not diminish 
Cdk2 T-loop phosphorylation in vivbi or. decrease CAK activity of a ceil extract, in contrast, 
depletion of Cdk7 by RNAi causes d propoftional decrease in the obility of on extroct to 
activate recombinant Cdk2, Our data do not support the proposed function of PNQALRE/ 
CCRK in activating CDKs, but instead reinforce the notion of CdkZ as the major, and to 
date the only, CAK in mommdiian cells. 



INTRODUOiON 

The cyclin-dcpcndcnt kinases (CDKs) firsc emerged as die enzymes coricrollmg the 
entry to both the DNA synthesis (S) phase and mitosis in the eukaryotic ceil division cycle, 
but they also Rinction in pathways that regulate gene expression. To be fully activated, a 
CDK must be cyclin-^bound, and in most cases phosphoryiated by a CDK- activating 
: kinase (CAK) widiin die activation segment or T-loop (reviewed in Ref. 1). In metazoan.s, 
the major CAK is itself a CDK, consisting of the catalydc subunit Cdk7, cyclin H and a 
RING fmger protem> Matl (reviewed in ref. 2). Cdk7 has also been implicated in the 
control of tj-anscription by RNA polymerase (Pol) 11 as a component of the general 
transcription factor TJH (TFIIH).^'^ 

The requirement for CdkZ as a CAK has been established by genetic experiments in 
Drosophiia melamgaste/^ and Caenorhabdins elegaris^ in which c^j^7 mutants arc imable to 
activate Cdkl and, consequently, cannot eater mitosis. In budding and fission yeast. CAK 
function is also required for entry into S phase,^"^ but in metazoans, dependence of the 
G^/S transition on activating phosphorylation of a CDK has not been demonstrated. The 
existing mutant alieles of Drosophiia cdk7do not detectably impair activation of Cdk2, the 
major CDK activated at the onset of S phase.^ 

In contract to metazoans, the budding yeast Saccharomyces cerevisim contains a single- 
subunit CAK only distantly related to CDKs, Cak I , which is responsible for activadng 
Cdkl, the principal cell-^cycle CDK.^^^^^ The fission yeast Schizosaccharotnyces pombe 
contains an orthoiog of Cakl> Cskl, which activates both Cdkl^^^"^ and the Cdk7 
ortholog Mcs6, which is also a CAK.^^-^^ Unlike CAKl in budding yeast, cskr is not 
esseiitiaU^ possibly because of the redundancy of its CAK function with that of mcs<^? 
Nevertheless^ the phenotypes of cskl A strains iudicate that Cskl has important, if not 
strictly essential functions in vivo.^'^^^^^ 

The absence of a Cakl/Cskl ortholog in metazoans is surprising, given the relative sizes 
and complexities of fungal and higher eukaryodc genomes. There is, however, no apparent 
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need for a CAK other than Cdk7, which k active throughout the cell 
cycie and capable of phosphorylating ail mammalian CDK^ known 
to depend on T-loop modification for Rill activity (reviewed m ref. 20). 
Consistent with Cdk7 being the sole CAK in metazoan cells, its 
quantitative iminvinodepletion from cell-free extracts removes all 
detectable CAK activity/''^^"^^ On the other hand, minor CAK 
activities, not obviously associated with Cdk7> have been detected 
upon fractionation of mammalian cell extracts but not identified at 
the molecular level. ^"^'-^^ 

The larger question of whether CAK-mediated T-Ioop phospho- 
rylation regulates cell cycle progression is unresolved. Several 
treatments that arrest the mammalian cell cycle in — such as 
c>'cUc AMP (cAMP), TGF-p, MAP kinase inhibitors and meva- 
statin — cause hypophosphorylation of the Cdk2 T-Ioop.^*^*'^^'^^ This 
does not mean, however^ that these treatments lead directly to down- 
regulation of CAK. For instance, cAMF-dcpendent signaling causes 
increased Cdk2-binding by the CDK inhibitor (CKI) p27^^P^ which 
passively prevents T-loop phosphorylation,^^ presumably through a 
steric effect common to members of the CKI ftrniily.-^ Nevertheless, 
the formal possibility of a regulated (and possibly Cdk2-specific) 
CAK distinct from Cdk7 remains, and is often invoked when 
decreased T-ioop phosphorylation of a CDK occurs in conjunction 
with unchanged Cdk7 protein and activity levels. 

How a quantitatively minor CAK could r<^ulate CDK activation 
In vivo when the more abundant Cdk7 remains active is unclear. 
One possibility is that the two enzymes might work on different 
populations of CDKs. However, a simple division of labor based on 
the different CDK catalytic subunits in merazoans cannot be the 
explanation: Cdk7 phosphorylates purified Cdks 1, 2, 4, 5 and 
^.21,30-32 j^j^^ analog-sensitive (AS) Cdk7 phosphor>'lates Cdks 1, 
2, 4, 5 and 1 1 in crude mammaUan cell extracts.^^ Specializauon 
could be based instead on the substrate preferences of the Cdk7 and 
Cakl families for CDK/cyclin complexes and monomeric CDKs, 
respectively. ^^'^^ A putative Cakl -like enzyme was partially purified 
from human cell extracts with a monomeric Cdk2 phosphorylation 
assay.^-^ S. pomhe cells possess both a CAK of the Cdk7 class and one 
that prefers monomers but it is unclear if this feature of the 
CAK-CDK network is important physiologically. 

Recently, a CDK-Uke protein related distantly to Cskl (but more 
closely to Cdks 1 , 2 and 7) was reported to be a monomeric CAK 
required to activate Cdk2 in Vivo?'^ We can indeed detect weak CAK 
activity in complexes containing this protein™PNQALRE, also 
known as p42 or cell cycle-related kinase (CCRK) — isolated from 
mouse testes extracts, but this could be explained by an associated, 
rather thati an intrinsic activity PNQALRE binds to Cdk7 both in 
testes extracts and when the two proteins are overexpressed together 
in insect cells. 

We test the hypothesis that PNQALRE/CCRK is a novel mam- 
malian CAK, by: (I) directly comparing CAK activity of purified, 
monomeric PNQALRE and Cdk7 complexes; (2) depletion of 
PNQALRE from human cells in culture by RNA interference (RNAi) 
and subsequent analysis of CDK phosphoryiation, cell proUferation 
capacity and cell cycle distribution; and (3) measurements of CAK 
activity in extracts of cells depleted of PNQALRE or Cdk7 by RNAi, 
with a novel, analog-sensitive Cdk2 activation assay. We find that 
purified, monomeric PNQALRE expressed with recombinant bac- 
uloviruses has no CAK activity towards monomeric or cyclin-bound 
Cdk2. Cdk7/cyclin H complexes, moreover, show robust activity 
cowards monomeric Cdk2, perhaps obviating any need for a 
Cakl -like enzyme. Depletion of PNQALRE in human ceils by RNA 



interference (RNAi) impairs cell proliferation, but does not decrease 
either the level of activating phosphorylation on endogenous Cdk2 
or the capacity of cell-free extracts to activate exogenous Cdk2, Loss 
of PNQALRE also fails to produce a discrete block to cell cycle 
progression. Instead, there is an increase in the fraction of cells with 
a sub-G^ DNA content and enhanced cleavage of poly(ADF-ribose) 
polymerase (PARP), possibly suggesting that PNQALRE normally 
functions to suppress programmed cell death. Consistent with that 
idea, a recent genome-wide survey of mammalian protein kinases by 
RNAi-mediatcd knockdown . identified PNQALRE/CCRK as a 
potential negative regulator of apoptosis,^^ 

MATERIALS AND METHODS 

Cloning and protein expression. We identified a Kurtian expressed 
sequence tag (EST) by a BLAST search with the S. pombe Cskl protein 
sequence. The human EST t>btained from ATCC (NCBI Accession numhen 
HI 7727) was used as a probe to screen a mouse testis cDNA Library 
(Clonrech). A single cDNA clone was identified, which lacked an initiator 
ATG. We a^npi^Fied the 5' end of the gene with reverse complementary 
primers by 573' RACE (Bochrii^er Mannheim) lo generate a fuiUiength 
mouse cDNA encoding PNQALRE (GenBank Accession number: 
AAP890S9), Nine LMAGE consordum human cDNAs (43754954, 458<>360, 
4640579, 4639379> 479S672>5266219> 5270203, 5203849) correspondmg 
to PNQALRE were obtained from invitrogen and fuUy sequenced using 
internal primers designed according to the genomic DNA sequence. Several 
RT-PCR products obtained with primers located in exons 5 and 1 0 (forward 
5'^CATGCCAACAACA^lTCTACATC-3'; reverse ^'-GAATCAGCTCrGG-^ 
GTTCAACA-3*) were also sequenced. 

Antibodies, A 20-amino acid peptide corresponding to sequences near 
the caAoxyLterminus of humaii PNQALI^ HDFHVDRi^LEESLLNPELIR 
(SKI 103), was used for rabbit immunization (Covance). Crude antisera 
were afFiniry-purified with the same peptides. Ajiti-cyclin H ajidbodies were 
described previously. Other antibodies were obtained commercially: 
anti-Cdk7 (C-4), for detection and immunoprecipitation of mouse Cdk7, 
and ^nti-Cdk2 {Ml) from Santa-Cruz Biotechnology; and-PARP cleavage 
product from Cell Signaling Teclinologies; anti-HA (16B12) from Covance; 
anti-GAPDH from Biodesign; and monoclonal auti'Cdk7 (MO- LI), 
.specific for human Cdk7. from Sigma, 

mRNA expression atialysis. A mouse adult tissue blot containing 50 
of total RNA from brain> heart, lung, liver spleen, kidney* stomach, small 
int«tinc, skeletal muscle, skin, thytnus, testis, uterus, aj\d placenta, was 
obtained commercially (Seegene, Inc.). FuU-iength mouse cDNA (-1.1 kb) 
etico<Ung PKQALRE was labeled with [a-^^PldCTP asing the Multipiime 
DNA labeling system (Amersham Phatmacia Biotech) to generate a probe 
for hybridization and autoradiographic detection. 

Tissue and cultured cell mmct preparation. Moiise testes were harvested 
and immediiiteiy frozeti in liquid nitrogen and kept at -SOX until lysis with 
a Dounce homogenizer in prechtlled buffer: 25 mM Hepes (pH 7.4), 
150 mM NaCl, 0,1% Triton X-100. I mM EDTA, 1 mM dkhiothreitol 
(DIT), 50 mM sodium fluoride (NaF), 80 mM ^^glycerophosphate, 0.1 mM 
sodium orthovanadate (Na3V04), 0.5 mM phenylmethylsulfbnyl fluoride 
(PMSF), 2 jxg/ml aprodnin, I |lg/ml leup^tin. The homogenate was vortexed 
briefly (30 s), sonicated on ice widi 3 x 45 s pulses with a 15 s interval, and 
cenrrifuged at 100,000 x g^^ for 2 h. Superiiatants were aliquoted and stored 
at -80*C. Protein concentration was determined by Bradford assay 
(Bio-Rad). Cultured cells were harvested by scraping, washed once with 
phosphate-buffered saline and homogenized in 25 mM Hepes (pH 7,4), 
150 mM NaCI, a.1% Triton X-lOO, 1 mM EDTA, 1 mM DTT, 50 mM 
NaF, 80 mM (3 -glycerophosphate, supplemented with complete^ ^^'^ protease 
inhibitor cocktail (lloche). 

Gebexciusion chromatography. Approximately 10 mg of total testes extract 
protein (200-500 were applied to a Superdex 200 10/30 HR column 
(Amersham Pharmacia Biotech) equilibrated with 25 mM Hepes (pH 7.4), 
150 mM NaCl, 1 mM EDTA, .1 mM DTT, 10% glycerol. Fractions of 
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Figure 1 . (A) PNQALRE is a CDK family member. Aitgnmen^ of humon PNQAIRE wlHi Cdk7 and Cak2. Exons of PNQALRE spiice voriant 1 [see Fig. 2) are 
indicated by solid lines above sequence. Two in^rame ins^tons of 1 2 (exon 2) and five (exon 6a) amino acids preceding exons 3 and 6, re^pecHvely, are 
abo indicated [see text). Both identities and similarities are boxed. Conserved kinase subdomciin I (glycine bop) and Hie putative site of activotmg T-loop 
phosphorylation (Thrl61) ore Indicated by on underline and asterisk, respectively. {B) Norrfiern blot onalysis of PNQALRE expression m mouse tissues. 
(C) Abrnatfve splicing of PNQALRE In human tissues and cell lines was detected by f^T-PCR ampliBcation with primers located in exons 5 and 10, The PCR 
product corresponciing \o the "full-length" splice variant 1 is indicated (*) 



500 |il were collected; 5% and 50% of each fraction were used for 
immunoblots and immunopredpitation, respectively. 

ImmtuioprecEpEtation and kinase assaj-s* For nieasuremetits of CAK 
activity in mouse testes extract^ 0.25-1-0 mg of extract w;^ incubated with 

^600 ng of and-PNQALIl£ (SKH'03) or atui-Cdk? (C4) antibody bound 
CO 20 |Jl1 Protein A- or G-Sepharo^e (Amersiiam) for 2 h at 4''C. The 
immunoprecipitates were washed three rimes with HBST (10 mM Hepes, 
pH7.4, .150 mMNaCi, 0.1% Triton X-100) and twice with HBSD(10mM 
Hcpes, pH 7 A, 150 mM NaCl> 1 mM DTT). The immunoprecipitates 
were then incubated with 100 ng Cdkl- H A/His ctcI in A or Cdkl -HA/ 
cyclin B in HBSD in the presence of 400 |ilM ATP and 10 mM MgCl;, in 
a volume of 20 jxl at lyC for 15 min. 10 ul of the supernatant was added 
to 10 M.1 of Histone H 1 mbc: 25 mM Hcpes (pH 7.4), 1 50 mM NaCi. 1 0 mM 
MgCl^. 5 m Histone HI (Roche), 5 [iC\ (y-^^PJATP. Phosphorylation 
reactions were carried out for 5-10 min at 25 'C. Phosphorykted proteins 
were separiited by SDS-PA<j£ and detectcxl autoradiographically GAK 
activity of purified proteins was measured by incubating 10 ng purified 
enzyme (Cdk7^Flag, PNQ-Flag or txlk7/Cyclin H) widi 2 ^Ig of substrate 



(monomeric Cdk2wt, or Cdk2D l45N/His-cyclin A complex) in 20 \x\ 
25 mM Hepes (pH 7.4). 1 50 mM NaCl 1 0 mM MgCll 200 ATP, 5 fiCi 
[Y-^^P]ATP at 25"'C for 10 min. Sajnples were processed as described above. 

Cdk2^'^ acdvation assay- To rest for total CDK-activaring capacity in cell 
iysates, extract coniaining 3 |Xg of protein was preincubated for 5 min at 
room temperature with - 1 50 ng Cdk2^^/His-c>'clin A in a 17 ll\ reaction 
containing an ATP regenerating system (25 mM Hepes, pH 7.4> 10 mM 
N^Cl 2 mM MgCl j, 1 mM ATP, 40 mM creatine phosphate, 0.2 mg/mi 
creatine phosphokina^sc). Then, 2 ^iCi [y-'^^pj^^. (benzyl) -ATP and 10 fig 
histone H I were added, and the reactions (final volume: 20 pd) were incubated 
for aiiother 5 min at room temperature. Labeling was stopped by addition 
of 2x SDS-PAGE sample buffer. Phosphorykted proteins were separated by 
SDS-PAGE and detected by autoradiography, and histone HI phosphory- 
lation was quantified by Phosphorimagcr. 

Baculovirus Oinstmction and expression. To construct recombinant 
baculovirus encoding wild-type, HA-tagged mouse PNQALRE, an Ncol 
site was introdua;d at the 5* and 3' ends of die PNQALRE open rcac^ng 
frame in pBluscript SK(-) by oiigonucleo tide-directed mutagenesis/^^ with 
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the following oligonucleotides: 5 -CCGCGGGCCG- 
ccat^^CCAG-3' and S'-^CCAGAGGGGGTccargg- 
CTGGTCCAGG"3\ resuking Ncol fragment 

wa.s subcloned in-fiame with the HA epitope into the 
transfer vector pVLCDK2NHA,-^'^^^'^*^ I'he construction 
of recombinant b^tculovini^es encoding HA- tagged 
CDK7, untagged cyclm H, and His-tagged Mat! has 
been previously described,^^'^^ Viruses eticoding 
carboxyl-rerminally tagged human Cdk7 and PNQAL.RH 
were generated by clonii^ the appropriare coding 
sequence into pFastBacl (fnvirrogen) that had been 
modified to encode two copies of the Flag peptide 
sequence in tandem wkh a hcxa-histidine tag. Proteins 
were purified by metal affinity and. conventional 
chromatography as described previously/^ ^ '^^ 

Depletion of PNQALRE by RNA interference 
(RNAi). Small interfering RNA (silWA) duplex 
oligonucleotides containing human PNQALRE mRNA 
sequences: 5'^GGCGGUUGGAqGACGGCUU-3' 
(si^3) and 5^-GCUUUGUGCUGGCCUUUGA^3' 
(si'4), t>r human CZ)/<7mRNA sequence 5'-GCGUA- 
CAUGUUGAUGACUC'3^ (si^l9), were synthesized 
by Dharmacon Research, An siRNA duplex of random 
sequence, 3^'-GGUGGACGGCAAGUUUGCU"3'> 
was synrhe.sized as a negative control (si-c). 
Logarithmically growing celk plated at 0,8 x 10^ 
celb/ml (U20S) or 2x 10^ cetls/ml (HCfl 16) in 10 cm 
di^jhes were transfected twice at intervals of -30 h with 
indicated sillN.'^s and Lipofectamine 2000 (Invitrogen) 
following the manufacturers instructions. ,«jiRNA- 
cransfected cells were harvested 48 h after the second 
cransfeciion for protein analysis and 72 h after tlie 
second transfection for determination of cell number 
and Cell cycle distribution. For measurements of cell 
proliferation, RNAi- and control- treated cells were 
trypsinized and counred in a Neubauer chamber using 
Trypan blue exclusion staining. Cell counts For each 
treatment were measured and plotted as indicated. 

Flow cytometry. DNA content of HCTI 1 6 and 
U20S cells was measured after fixation m 70% ethanof digestion with 
RNAse A (100 iig/ml) and staining with propidium iodide (50 |ig/mf)> 
using a FACScan apparatus (Becton Dickinson). 

RESULTS 

Identification of a novel CDK family member. Although diey diverge 
iti their organization, the CAK-CDK networks have the same basic compo- 
nents in budding and fission yeast, including an evolutionarily consenx'd> 
monomelic CAK: Cakl and Cskly respectively:^' ^^^^^''^'^ Comistent with 
interrogatiorts of die complete human genome, we found no obvious 
orxhobg of either Idnasc in searches of EST databases, but instead detected 
limited homology to a CDK-like protein (Fig. lA). 

The putative kinase, provLsionally named PNQALRE (following the 
coiivention for naming suspected but unconfirmed CDKs by the amino acid 
sequence of a-helix 1), contains all 1 1 conserved subdomains characteristic of 
serine/threonine protein kinases/^ with homolog)'' to Cdks 1, 2 and 7 
(-35% sequence identity) and, to a lesser extent, Cskl (-25% identity). All 
of die critical catalytic residues are conserved, and PNQALRE contains a 
readily identifiable ^ycinc loop (subdomain 1), in contrast to both Cakl 
and Cskl, which lack diis motif Also unlike Cakl and Cskl, PNQALRE 
contains a threoriine residue— Thr- i 6 [ — in the T-loop region between 
subdomains VII and VI H, in a position and sequence context identical to 
those of activating threonines in odner CDKs. Finally, PNQALRE contains 
none of the large loops— Stretches of nonconservcd amino acids inserted 
between conserved kinase subdomains— charaaeristic of CakL 
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Figure 2. CboracferizaHon of PNQALRE mRNA ond prorein expression. (A) Schemoiic representation 
of the genomic orgontzation of mouse and huri^an PNQALRE. The human gene gives rise to 
several alternatively spliced isoforms as determined by sequencing of multiple cDNA clones. (Bj Exon 
structure of five PNQALRE spltce-voriants for whkh cDNAs have been isolated. Splice variant 2 
has an In-frame defeJion of the conserved APE motif. Splice varJonls 3-5 ore predicted to produce 
trunasted proteins due to early termination caused by frame-shifts {»l)- Only splice variant 1 is 
predicted to encode an active protein kinase. (C) The splice vorionts depicted in (B) can be 
transcribed and Ironslated in reHculocyte lysates tn vitro and detected by the Incorporation of 
P^S]-melhionine. (Dj PNQAIRE protein expression in mouse testes and human cell lines. Endogenous 
PNQALRE protein can be detected by on antibody raised to a peptide sequence near the 
carboxyl-terminus of PNQALRE, The splice variants 1 and 2 were expressed by transfection of the 
corresponding cloned DNA. For eoch indicated cell tine, 40 of total protein was loaded 
compared to 7 of mouse testes protein (bne Ij. 



By Northern blot hybridization, PNQALRE mlWA expression was 
highest in mouse testes, followed by thymus. All other mouse tissues and cell 
lines we analyzed contained lower levels PNQALRE mBNA (Fig. IB and 
data not shown). By performing RT-PCR amplification of PNQALRE 
mRNA from various human tissues and cell Hues, we identiHed several 
isoforms presumably generated by alterjiative splicing of a common precursor 
mRNA (Fig. IC). These correspond to five distinct splice variants identified 
by sequencing nine commercially obtained cDNAs from various human 
sources (Fig. 2A and B). We detected a full-length cDNA (splice variant 1) 
encoding a 347 amino acid protein with all conserved kinase subdomains 
and no inserdons, which corresponds to full-length mouse PNQALRE (the 
murine mRNA did not exhibit variable splicing in the sources we anafy^d). 
The other four variants contain internal deletions predicted to render the 
produa catalytically inaaive, some with reading-frame shifts (Fig. 2B)> but 
all could be translated in reticulocyte lysates in vitro to produce full-length 
polypeptide;! of the predicted sizes (Fig. 2C). In addition, alternative splicing 
can give rise to PNQALRE variants with inTrame insertions of 12 (exon 2) 
or five (exon 6a) amino acids, which are included in a cDNA sequence 
deposited in GenBank (accession #AK075325)> or in a PCR product we 
amplified from HeLa cell mRNA, respectively (Figs. lA, 2A and data not 
shown) . 

A polyclonal antibodyj raised against a carboxyL terminal pepride derived 
from mouse PNQALRE, recognized a single polypeptide of -40 kOa in 
iminunobbts of mouse testes extracts (Fig. 2D), This corresponds closely to 
the size of the protein expressed upon transient transfection of the 
full-length PNQALRE cDNA (splice variant 1) in human embryonic 
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Figure 3. PNQALRE associates with CAK component in vivo. (A) CAK activity is associated wirh 
PNQAIRE immunopreci pi toted from mouse testes extroct, measured by ^he abilify to activate 
Cdkl-cyclin B complexes, which were assayed for the obility to pho&phorylate histone HI (top). 
Cdk7 is detected in PNQALRE immunoprecipitates by immunobbrting with anti-Cdk7 antibody 
{bottom). Immunopreci pitation of both PNQAIRE (middle) ond associated Cdk7 protein and CAK 
activity con be blocked by an excess of the immunogenic peptide (lane marked "V]. Arrow at 
right indicates immunoreactive band corresponding to full-length PNQALRE, whereos asterisk at 
right denotes diffuse bonds derived from immunogbbullri heavy chain. (&] Gel-exclusion 
chfomatography of testes extract, Immunoprecipitates from eoch fraction with antibodies agoifist 
either PNQALRE (top two panels) or Cdk7 (bottom fwo panels) were anolyzed by immunoblottmg 
with anti-PNQALRE (top) or anir-Cdk7 (third from top) antibody, or tested for CAK activity (second 
from top, and bc^tom) as in (A), (C and D) PNQALRE-HA binds Cdk7 (C} and cyclm H [D| v^en 
coexpressed in Sf9 insect cells with appropriate baculoviruses, as mdicaJed of top. 
immunopreci pilations were performed with antibodies mdicated at leit, and immunoblc^s were 
probed wi^ antibodies mdicated at right. 
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kidney (HEK) 293 cells. PNQALRE in immuaopre^ 
cipitates from testes estraas, moreover, contained 
trypdc peptides encoded in esion 6 of splice variant 1 
(Fig. 2A and B) . This exon encodes kinase subdomain 
VIII>^5 including the APE motif highly conserved 
among Ser/Thr kinases (Liao JC-E Erdjamem-Bromage 
H, lempst l\ Fisher RP, unpublished observations). 
The next-longest human isofornij splice variant 2, lack^ 
exon 6, Anti-PNQALRE in^munoblocs of human, 
cultured cell extractiJ (Fig. 2D) typically contained 
major bands intermediate in mobility between diose of 
splice variants 1 and 2. There was variahility in elec- 
trophoretic mobility among human cell lines, possibly 
indicating even more extensive splice variation and/ or 
post-translational modifications. That the major 
immunoreactive band^ of -40 kDa correspond to bona 
fide products of the PNQALRE mRNA was indicated 
by their diminurion after RNAi-mediated knockdown 
in HEK 293 (data not shown), U20S osteosarcoma 
(Fig. 5A) and HCT116 (Fig. 3B) cell extracts. 

CAK associates with PNQALRE in vivo. Because 
of the relatively high level of PNQALRE expression in 
mouse tcstes> we focused at first on this tissue as a 
source of the protein for biochemical assays, Anti- 
PNQALRE immunopreci pirates from mouse testes 
extracts were capable of activating recombinant 
Cdkl/cyclin B complexes, although the yield of CAK 
wa,s many-fold lower than in anti-Cdk7 immunopre- 
cipitates from the same source (Fig. 3A). A small 
amoimt of Cdk7 was precipitated fi om the testes extract 
with anti-PNQALRE antibody (Fig. 3A, bottom) > 
which did not cross-react with Cdks 1, 2 or 7 (data not 
shown). Recovery of both CAK activity and Cdk? 
protein in the anti-PNQALRE immunoprecipitate was 
speciBcaJly blocked by excess antigenic pepdde (Fig. 3A). 
The apparent association of PNQALRE with Cdk7 
in vivo raised the possibility that the CAK activity in anti-PNQALRE 
immunoprecipitates might be du^! to coprecipi taring Cdk7. Another indica- 
tion that this might be the case was the behavior of PNQALRE protein, and 
of PNQALRE-associated CAK activity, upon gel-exdusion chromatography 
Nadve PNQALRE protein migrated in three discrete peaksj at -40, -400 
and -^700 isDa. Otily the largest complexes had associated CAK activity 
(Fig. 3B)j diis vras also the only form of PNQALRE that comigrated with a 
peak, albeit a minor one, of Cdk7. 

We analyzed pair wise interactions between PNQALRE and components 
of the CAK trimer coexpressed in insect Sf9 cells infected with recombinant 
bacdoviruses. PNQALRE associated with a fraction of Cdk7 {Fig, 3C), 
cyclin W (Fig. 3D) and Matl (data not shown), PNQALRE also interacted 
wirh cyclin H in a yeast two-hybrid interaction screen (Liao JC-F> Xu 
Fisher RP, unpublished observarions). Taken together, the coprecipitation 



Figure 4. PNQALRE has no intrinsic CAK activity. |A) PNGALRE-His-Fbg, 
Cdk7-His-F[ag, Cdk7-Hfs-Flag/cyc!m H complex, and Hi3<yclin H were 
pifriRed from oppropriately infected insect cells ond v^suolized by staining 
with Coomossie brilliant btue after 10% SDS-PAGE. (B) Purified, monomeric 
PNQALRE does not phosphorylate Cdk2. The purified proteins shown in 
panel |A) were assoyed for thek ability to phosphorylote either wHd-type 
Cdk2 monomer \\e^, or the catolytically inacrive Cdk2^^'^^^/cyclin A 
complex {right). Cdk7 was assayed as monomer j"Cdk7"), os Cdk7 mixed 
with cyclin H just prior to assay f'Cdk7 + Cyc H"} or as a dimeric coraplex 
formed by insect cell coinfection (Xdk7/Cyc H"|; PNQALRE was ossayed 
as monomer ("PNQ") or mixed with cyclin H just prior to assay ("PNQ + 
Cyc H '). The subsJrafes were incubated without additional proieirjs in lanes 
marked [-). 
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and chromatographic cofractionation af Cdk7 complex subimits 
and PNQAI.RE suggest that the PNQALRE-associated CAK 
activity might be due to Cdk7. 

Monojtneric PNQALRE/CCRK lacks intrinsic C^K activity. 
To test for CAK activity intrinsic to PNQALREi, we purified the 
wild- type protein, tagged iit its carbox>'l'tcr minus with two Flag 
epitopes and i hexahistidine modf, by metal-ion afFmicy and 
sitb^equenc gel exclusion diromatography to ensure that the 
protein was monameric (Fig. 4A). The purified protein had no 
detectable kiriase activity towards either monomerk Cdk2 or a 
Cdk2/cychn[ A complex (Hg. 4B)- We cested both forms of Cdk2 
as substrates on the premise that a preference for monomeric over 
cyclin-boLind CDK is a crkerlon by which a mcta:?:.oan Cakl/ 
Cskl orrholog n^ght be distinguished from Cdk7."^ Under the 
conditions of substrate excess tested here* however, piirified 
Cdk7/cyclin H pho^phorylated monomeric Cdk2 and the Cdk2/ 
cyclin A complex with apparcndy equal efficiency (Fig. 4B) , 

Although PNQALRE is inactive as a monomer, it might 
acquire CAK activity upon association with a cyclin and/ or other 
modifications. We overexpressed epitope-tagged vejreions of 
PNQALRE in mammalian cells but, after recovering the protein 
by immunoprecipitation, did not detect any associated kinase 
activity towards CDKs, the Pol II carbox>^l-terminal domain 
(CTD), histone Hi or myelin basic protein (data not shown). 
Addition of cyclin H, which as expected was able to stimulate the 
CAK activity of monomeric Cdk7A failed to do so for 
PNQALRE (Fig. 4B). Attempts to activate PNQALRH by 
coinfection with cyclin H or cyclin K — ^wbich has been reported 
to associate with a CAK'*^— were also unsuccessful (data not 
shown). Finally, we increased the amount of PNQA1.RE in the 
reaction ten-fold without observing phosphorylation of either 
substrate above background (data not shown). We therefore 
cannot conclude that PNQALRE has any intrinsic ability to 
activate CDKs. 

PNQALRE/CCRK depletion does not affect Cdk2 T-loop 
phosphorylation or cell cycle progression. Depletion of 
PNQALRE/CCRK in cultured mammaiiau cells by RNAi was 
reported to cause a block to cell cycle progression in the 
phase, and a reduction in the ability of cells to activate Cdk2 
expressed by transient transfection.^^ Because our biochemical 
analysis did not reveal CAK activity intrinsic to PNQALRE, we 
examined the effects of its depletion on cell proliferation and the 
I'-bop phosphorylation state of endogenous Cdk2, We trans- 
fected two human cell lines — HCT116 and U20S— with rwo 
different small interfering l^^A (siRNA) oligonucleotides directed 
against the PNQALRE m.RNA. One, siRNA 3.> targeted the same 
region as did the reagent described by Galaktionov and cowork- 
ers,^^ and caused a -7.5% reduction in the protein level after two rounds of 
transfection. In contrast, another oligonudeoiidc, siRNA 4 (see Materials 
and Methods), consistently reduced expression levels by close to 90% 
(Fig. 5A and quantification not shown). 

When U20S or HCT116 ceUs were subjected to two rounds of 
transfection with siRNAs 3 or 4/ we observed modrat but reprodudbie 
reductions in cell numbers 48-72 h after the last treatment (Fig. 3B). T-ioop 
phosphor)Lirion of Cdk2> detected either by the increased mobility of this 
Isoforni m one-dimensional SDS-PAGE (Fig. 5A) or by immunoblotrlng 
with a phosphospecific antibody (data not showr^)> was nor consistently 
affected by PNQALRE depletion. The cell cycle distribution after 
PNQALRE knockdown, determitied by flow cytometry of fixed cells stained 
with propidium iodide to measure DNA content, was not appreciably 
altered compared to mock- or control siRNA-transfected cells (Fig. 5C). 
There was, however, a modest but reproducible increase in rfie ftacdon of 
cells with a sub-Gj DNA content (Fig. 5C and data not shown). 
Corresponding to this increase in the sub-G^ population, we detected an 
siRNA'Specific increase of PARP cleavage in U20$ cells (Fig. 5A), Taken 
togetiier, rhese resides suggest that the reduction in U20S cell numbers 
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Figure 5. Depletion of PNQAIRE by RNAi impairs cell proliferation but does not dimin- 
ish CDK octivotion or biock cell cycle progression. (A} immunoblot onolysls of 
PNQALRE, Cdk2, PARP cleavage product and GAPDH [loading control) m HCTl 16 
(left) and U20$ (right) cells fol lowing siRNA treatment. The faster-migrating isoform of 
Cdk2 corresponds to the protein phosphorybfed at Thr-160 of the T-loop by CAK 
{P-Cdk2]. |8j Numbers of cells counted 72 h after lost siRNA transfection. Volues are 
mean percentages of total celb relative to cells in control siRNA transfection (defined as 
100%} ± standard deviation of four (HCTl 1 6) and six |U20S) ir^dependent experiments. 
(C) The cell cycle distribution [in percent of total cell population) of HCTl 16 and U20S 
ceils following siRNA treotmer^t was determined by flow cytometry of Pktoined cell 
popubtions. One representative result is shown for each cell line. The diFferent siRNA 
treatments were as follows: control cells treated with Lipofectomine but no siRNA (c|; 
siRNAs 3 and 4 directed against PNQALRE {s'i-3 and sh4]; and ceils treated with a 
non-targeting control siRNA [shc]. 



caused by PNQALM depletion might be due to increased apoptosis. 
(Higher levels of PARP cleavage in control siRNA-transfected HCTU6 
cells make it difficult to say whether this is a general phenomenon.) 

PNQALRE/CCRK levels do nor correlate with CAK activity Purified 
PNQALRE had no measurable CAK activity, and celts lacking PNQ^RE 
due to RNAi- mediated knockdown showed no sign of a CAK malfuncdon. 
To test directly whether depletion of PNQALRE or Cdk7 in vivo affected 
CDK-activanng potential of a cell extract, we developed an assay based on 
the activation of analog-sensitive (AS) Cdk2.'^^ It has been possible to 
engineer unnatural nucleotide specificity into protein kinases, including 
Cdk2, enabling them to catalyvx transfer of phosphare to target proteins 
from bulky derivatizcd AIT analogs that wild-type kinases cannot accom- 
modate in their active sites, We can thereby test the ability of mammalian 
whole-cell extracts to activate preassembicd but unphosphorylated 
Cdk2^'^^ /cyclin A complexes in a single-step reaction without any iramuno- 
precipitations, by including 1 mM unlabeled ATP, an ATP -regenerating 
system and the radiolabeled analog, Ar6-(benzy1)-ATP To facilitate detection 
and qiL;uirification, we also included the model CDK substrate hisione Hi . 
When a Hel^ cell extraa immunodepleted of Cdk7 and a mock-depleted 
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extract were added in varying proportions to unpiiosphoryiated Glk2^^^- 
cycWn A complexes, activaEion of histone Hi kinase was approximately 
linear with respect to the Cdk7 concentfation (Fig. 6A). 

Wc ncxc taxed the effects of RNAi-mediated depletion of FNQAJ.RE or 
Cdk7 on Cdk^'*^^^ activation. Neither siRNA 3 nor siRNA 4— both of which 
knocked down PNQALRP. >75% (Fig. 6B) — had a significant effect on 
Cdk2^^ activation in extmcts of either U20S or 1ICF116 cells (Fig, 6C and 
data not shown). We also tested siKNA 19, directed against human Cdk7, 
which reduced Cdk7 levels in extacts 50-75% (Fig. 6B and data not 
shown), Snch a treatmenr consistently reduced Cdk2'^ activation by -60% 
in U20S cell extracts (Fig. 6C), in good agreement with its efficacy in 
depleting cellular Cdk7 {Fig, 6B), This did not correlate with a decrease in 
endogenous Cdk2 phosphorylation, but was also accompanied by a modest 
increase in PARP cleavage. We therefore conclude that the Cdk2 activation 
capacity in crude cell extracts is directly proportional to the level of Cdk7 
but not of PNQALRE. 



Figure 6. Cellular CAK activity is proporrional to Cdk7 levels and unoffected 
by PNOAIRE knockdown. [A] Acrivatlon of Cdk2^ by cell ej^racts \$ directly 
pfoportiona^ to Cdk7 levels. A mock-depleted e)dract and an extract immuno 
depleted of Cdk7 were mixed in the indicated ratios and tested for the ability 
to activate recombinont Cdk2^S/ cydin A comf^ex. Depl^ion of ~95% of Cdk7 
protein reduces Cdk2 activation measured by this assay to or below that 
obtained with buffer (HEPES-buffered saline, HBS\ alone (lane ]|. Activity of 
undiluted, mock-depleted extract is defined as 100%. (B) Immunoblot analysis 
of PNQALRE, CdkZ, Cdk2/P-Cdk2 (see (Fig. 5) legend), PARP cleavage 
product and GAPDH loading control in U20S ceils following siRNA treatment. 
(C) CAK acHvity was measured in U20S cells 48 h after second siRNA 
transfecHon by the ability of the different ceil lysates to activate Cdk2^V 
cyciin A complex, which wos then tested for its ability to phosphoryiafe 
histone fHl with the [f ^^P]N<5(behzyi|-ATP onabg substrate. The bar grapH 
shows means ± standard deviations of three independent expenments. The 
different siRNA treatments were as follows: control cells treated with 
Lipofectamine but no siRNA (defined as 100% activity) (c); siRNAs 3 and 4 
directed against PNQALRE (s/-3 and si-4); siRNA 19 directed against CdkZ 
{shl9j; and cells treated with a nontorgeting control siRNA (sk:j. 



DISCUSSION 

The available biochemical and genetic evidence indicates that the 
Cdk? complex is necessary and sufficient to activate ceil-cycle CDKs 
in metazoans. Irt 5. pom if e, an organism wich two CAKs, inactivation 
of both — Mcs6 and Cskl— is necessary to arrest cell cycle progres- 
sion.^^ Thermal inactlvatlon of a temperature-sensitive Cdk7, in 
contrast, is sufficient to cause arrest at the entry to mitosis in germ- 
line and somatic ceils of Drosophiia,^ and in Caenhorabditis embryos/ 
arguing against any redundancy of CAK function at the G2/M 
transicion in metazoans, 

In temperature-sensitive m€s6 akl double mutant S. pombe strains, 
prior synchronization of cells in or G2 is needed to produce a 
homogenous arrest at the G^/S or G^/M boundary, respectively, 
upon temperature shifi.^ A requirement for fly or worm Cdk7 at the 
G|/S transition could not be demonstrated wich the available condi- 
tional mutants, but that should not be interpreted as evidence for 
another CAK, Instead, different thresholds of CAK activity might be 
required for micotic and S phase etttry. For example, the T-loop 
phosphothreo nines of Cdks 1 and 2 might have different rates of 
turnover in vivo, and thus difFerentiai sensitivity to acute and/ or 
incomplete inactivation of the upstream kinase. Thus, despite the 
constitutive expression and activity of Cdk7> regulation of its 
function might still occur through the opposing action of 
T-ioop-speciJRc protein phosphatases, or by changes in substrate 
accessibility or subcellular localization.^*^ 

An alternative theory posits the exi.stence of another CAK that 
responds directly to anti-proliferative signals to control the state of 
CDK activation even when Cdk7 is active/"^ This idea was originally 
inspired by the identification of Cakl,^*^'^^ and by skepticism 
regarding the assignment of CAK function to metazoan Cdk7, given 
the inability of the 5. cerevisiae ortholog Kin28 to perform that func- 
tlon.^^ No ortholog of Cakl or Cskl is present in any .sequenced 
metazoan genome, however, and no convincing functional homolog 
has emerged from biochemical studies- Recendy, human PNQALRE/ 
CCRK was proposed to be a CAK based on; (1) limited homology 
to Cdk7 and reiated kinases, including Cskl and Cakl; (2) a low 
level of CAK activity towards a G$T-Cdk2 fusion protein in vitro; 
and (3) a cell proliferation defect, apparently accompanied by 
decreased phosphorylation of Cdk2 'rhr-160, upon RNAi-mediated 
knockdown in human cells.^^ 
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In our studies, we found no evidence that PNQALRE is a CAK. 
The purified, monomeric protein has no detectable kinase activity 
towards cither monomeric or cydin-bound CDKs, This clearly 
distinguishes PNQALRE from Cskl and Cakl, which in their 
monomeric, unmodiFicd formsS are promiscuous CAKs even towards 
mammalian CDK^,^^^^"^-^-^ Wc cannot rule out the possibility that 
PNQALRE is a CDK that, upon binding an as-yet unidentified 
cyclin partner, acquires kinase activity. Cdks 1, 2 and 7 can all 
phosphorylatc and activate other CDKs^- and sOj in theory PNQALRE 
could also be a cychn-dependenc CAK. We did not recover CAK 
activity, however, in anci-HA in^munoprecipitates from extracts of 
mammalian cells overexpressing HA-tagged PNQALRE^ (Liao JC-F, 
Larocheile S, Fislier R.R unpublished observations). The low levels of 
CAK activm^ in PNQALRE-containing complexes isolated from 
mammalian ceils can be explained, moreover, by the association 
between PNQALRE and a known CAK, Cdk7. 

We observed impaired cell proliferation, but no reduction in 
Cdk2 T-loop phosphorylation, upon PNQALRE depletion (Fig. 5). 
At present, the mechanism underlying the proliferation defect is 
mysterious. Increased levels of p27^'^^S which we observed in some 
of our transfections with siRNA 4 (data not shown), or ofpll^^^K 
which was induced oonspecifically by another, less potent siRNA 
directed against PNQALRE (data not shown), could account for 
decreased proliferation. PNQALRE/CCRK was recently identified 
in an RNAi-based screen for mamm:alian kinases or kinase-like 
proteins that prevent apoptosis^^^ and a small molecule inhibitor 
with specificity for CDK tamily membersv including PNQALRE/ 
CCRK, was shown to promote death of cancer cells in culture. In 
U20S cells, siRNA 4 consistently caused a modest increase in the 
fraction of cells with a sub-G^ DNA content, and an increase in 
PARE cleavage. Although these results appear to support a role 
(albeit probably a minor one) for PNQALRE in preventing apoptosis, 
we also detected increased PARP cleavage upon Cdk7 knockdown 
and, in HCT116 cells, in transfections wth the control siRNA. 
Further experiments will clearly be necessary to determine whether 
any of these effects is truly specific to PNQALRE depletion. 

To understand the role of PNQALRE in vivo, the next steps will 
be to identify its physiologic binding partners and substrates (if 
indeed It is an active kinase). The human PNQALRE primary 
transcript is subject to complex ahernarive splicing. Many (or all) of 
the splice variants can be translated in vitro, and most encode proteins 
predicted to be Inactive as kinases. These proteins can now be tested 
for the ability to rescue cdl proliferation defects caused by knockdown 
of PNQALRE, 

Consistent with the single-CAK model, the ability of extracts to 
activate exogenous Cdk2 is directly proportional to the amount of 
Cdk7 rhey contain, which can be manipulated in vivo by RNAi, or 
in vitro by immunodcpletion. Similar results have been obtained 
before with immunodepleted extracts, ^^^^'^^ but here we have more 
closely approximated the situation in vivo with an analog-sensitive 
Cdk2, which allows direct measurement of CDK activation In a 
crude extract. Although it could be argued that immunodepletion of 
Cdk7 might passively deplete another, associated kinase, the similar 
results of depleting Cdk7 in vivo with RNAi seem to have no alter- 
native interpretation. Moreover, the drop in CAK activity occurs 
without affecting the steady state level of T-loop phosphorylation on 
endogenous Cdk2, suggesting that compensatory mechanisms keep 
levels of Cdk2 activation in the cell buffered against moderate 
reductions (-60%) in CAK activity. 



Evolutionary plasticity is a feature of the CAK-CDK net- 
^^rj^ 13,19,44 Connections have been gained and, perhaps, lost, and 
there has been expansion in metazoans of the number of CD Ks that 
directly regulate the cell cyclc-^^ Has there been concomitant 
contraction in the number of upstream, activating kinases (CAKs), 
from tw^o £0 one since the ancestors of fission yeast and metazoans 
diverged.^ All the mammalian cell-cycle CDKs are targets of Cdk7 in 
vitro and, in contrast to Cdkl, Cdk2 can be phosphorylated in both 
monomeric and cydin-bound forms by Cdk7.^^ Indeed, our results 
suggest that the lack of a cyclin partner poses no obstacle to Cdk2 
1-loop phosphorylation by Cdk7. Thus, an expanded repertoire of 
effector CDKs might have obviated any need in metazoans for a 
CAK such as Cakl or Cskl with intrinsic preference for the monomer. 
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